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Abstract With the Arctic warming, terrestrial input plays a more important role in carbon cycle in the
Arctic Ocean than before. Chromophoric dissolved organic matter (CDOM) as a tracer of terrestrial dissolved
organic matter (tDOM) becomes more valuable in elucidating the source and compositions of DOM.
Although measurements of DOM in the Arctic Ocean have been widely reported, characteristics of high
molecular weight colloids are still poorly understood. In this study, the bulk absorbance and size fracto-
grams of CDOM were measured in the Chukchi Seas using an asymmetrical flow field-flow fractionation
(AF4) coupled online with UV-vis detectors. Both CDOM a254, absorption coefficient at 254 nm, and the inte-
grated UV254 (from AF4 UV-vis detector) of three colloidal fractions (1–10, 10–100, and >100 kDa) signifi-
cantly correlated with the fraction of meteoric water (fmw) calculated from d18O in seawater, which indicates
that the CDOM was mainly derived from terrestrial input and a254 is a potential tracer of tDOM in the Chuk-
chi Sea. Compared with the larger colloidal fractions (10–100 and >100 kDa), the smaller colloidal fraction
(1–10 kDa) showed a stronger correlation with the fmw, suggesting the smaller colloids were of mostly ter-
rigenous origin. Values of field measured spectral slope at 275–295 nm (s275–295), a tDOM proxy, were signif-
icantly lower than the model-estimated s275–295 calculated from the MODIS Aqu satellite remote sensing
data, which indicated that terrestrial input of CDOM derived from model calculation was likely underesti-
mated in the Chukchi Sea.

1. Introduction

The Arctic Ocean comprises �1% of the global ocean volume but receives approximately 10% of the global
fluvial discharge, which contributes 12–24% of dissolved organic matter (DOM) mostly in the upper layer of
the Arctic Ocean [Guay et al., 1999; Benner et al., 2005; Amon et al., 2012]. This disproportionally high fluvial
input makes the terrestrial matter important in marine biogeochemistry in the Arctic Ocean. Recent time
series observations revealed a 50% increase in terrestrial particles into the western Arctic Ocean with
increasing freshwater discharge, especially over the last decade due to global warming [Doxaran et al.,
2015]. Enhanced freshwater discharge and the induced increase of terrestrial input into the Arctic Ocean
may have impacts on biogeochemical processes and carbon cycle, which needs to be better understood.

Chromophoric dissolved organic matter (CDOM), which absorbs potentially harmful ultraviolet-visible (UV-
vis) radiation, is an important constituent of DOM pool. The CDOM optical absorption reflects both effects
of hydrological and biogeochemical processes in marine environments [Coble, 2007; Coble et al., 2014]. As
one of the most abundant components of CDOM, terrestrial DOM (tDOM) has been quantified and qualified
by several indicators in the Arctic Ocean [Stedmon and Markager, 2001; Walker et al., 2009; Fichot et al.,
2013]. For example, using radionuclides (i.e., radium and 14C [Benner, 2004; Hansell et al., 2004; Letscher et al.,
2011]) and stable isotopes (i.e., 18O, 13C, and 15N [Benner et al., 2005; Stedmon et al., 2011; Granskog et al.,
2012]), the source and fate of tDOM have been studied. However, there are still many unconquered ques-
tions need to be solved. The tight linkage between the CDOM absorption coefficient and the fraction of
meteoric water observed in the eastern Arctic Ocean suggests its conservative mixing behavior and indi-
cates the terrestrial input as the main source of CDOM [Granskog et al., 2012]. Surprisingly, there have been
no reports so far to explore this relationship in the western Arctic Ocean, which has high riverine input
[Stedmon et al., 2011].
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Field flow fractionation (FFF), a chromatography-like separation technique, was first described by Giddings
et al. [1976]. Separation and fractionation of particles take place in a ribbon-like channel where an applica-
tion field is conducted. The macromolecules and colloids are separated according to their abilities of inter-
action with the field. A variety of fields, such as electronic field and magnetic field, have been applied to
this technique [Schimpf, 2005]. The flow field which is a cross flow perpendicular to the direction of the
channel flow controls fractionation and separation of colloids by their differences in diffusion coefficients.
Taking advantages of aquatic solution as a carrier, asymmetric flow field-flow fractionation (AF4) where the
cross-flow rate is not vertically equal in the channel profile depicts the size spectrum of artificial nanopar-
ticles and natural colloids [Giddings et al., 1976; Wahlund and Giddings, 1987; Giddings, 1993, 1995; Dubas-
coux et al., 2008]. AF4 is recently applied to study characteristics and compositions of natural colloids in
aquatic environments [Baalousha et al., 2011; Jackson et al., 2015] although its applications to seawater are
still few. Using the flow field-flow fractionation combined with inductively coupled plasma mass spectrome-
try, Saito et al. [2015] compares the optical properties and metal compositions of different size colloids in
groundwaters. The characteristics and compositions of chromophoric colloidal organic matter in river and
coastal seawater have also been reported [Stolpe et al., 2010, 2013; Gu�eguen et al., 2013; Mangal and
Gu�eguen, 2015; Zhou and Guo, 2015]. Zhou et al. [2016] and Stolpe et al. [2014] reveal the differences of size
and compositions between the humic-like and protein-like colloids in the northern Gulf of Mexico.

Here we used the AF4 coupled with UV-vis absorbance detector to first characterize the size-fractionated
CDOM optical properties in the Arctic Ocean. Our major objectives were (1) to characterize the size distribu-
tion of CDOM and the partitioning of CDOM among different size fractionated colloidal fractions in the
Chukchi Sea and (2) to explore the relationship between CDOM a254 and the fraction of meteoric water to
examine the source of CDOM and the role of tDOM in both the Chukchi Shelf and eastern Chukchi Sea.

2. Methods

2.1. Sampling
Seawater samples for the measurements of CDOM, dissolved organic carbon (DOC), and stable oxygen iso-
tope (d18O) were collected aboard the R/V Xuelong icebreaker during the 6th Chinese Arctic Research Expe-
dition (21 July to 24 September 2014) along two transects: Section R in the Chukchi Shelf and Section S in
the eastern Chukchi Sea (Figure 1). The southern stations along the Section R (R1–R9) were located just east
of 1708W, from the Bering Strait to the northern Chukchi Shelf, while the northern stations (R11–R15) were
located over the Chukchi Plateau. Section S, located in the eastern Chukchi Sea, was from the Barrow Cape
to the Beaufort Sea. Sampling covered the whole water column and samples at 3000 m depth were collect-
ed at stations R15 and S08. Temperature and salinity were measured using independent CTD sensors
mounted on the CTD rosette.

For DOC, CDOM, and AF4 measurements, samples were prefiltered through precombusted GF/F filters
(4008C, 0.7 lm, Whatman). Filter holders were connected using an acid-washed, DOC-free silicon tubing. A
new filter was loaded prior to each sample filtration to avoid contamination from previous sample.

Samples for stable oxygen isotope were collected using the approach described by Chen et al. [2008]. Brief-
ly, seawater was collected directly from a 12 L Niskin bottle into a 30 mL acid-rinsed polyethylene bottle,
which was rinsed three times before collection. Caps closed tightly and sealed with parafilm. No bubble
should be observed in the sampling bottle. The samples were labeled and stored in ambient temperature
before analysis.

2.2. Optical Properties of CDOM
An aliquot of filtrate was collected into a 60 mL acid-cleaned (soaked in 1 M HCl for 24 h) and precom-
busted (4508C for 5 h) amber borosilicate glass vial for CDOM measurements. CDOM samples were stored in
darkness at 48C until analysis. The absorption spectrum was scanned triply at the range from 240 to 800 nm
using a Shimadzu UV2450 spectrophotometer. Absorption coefficient (a) at specific wavelength (e.g., a254),
commonly used as an indicator of CDOM concentration, was calculated with the following equation:
ak52:303�Ak=l, where the k is the wavelength, A is the absorbance at a specific wavelength, and l is the
length of cuvette. CDOM characteristics were evaluated using the exponential slope of their spectra
between 275 and 295 nm (s275–295), which has been demonstrated to be a proxy for sources of CDOM
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[Fichot and Benner, 2012; Fichot et al., 2013].
The spectral slope was calculated with the
following equation: ak5ak0 eS k2k0ð Þ, where
ak is the absorption coefficient at the
wavelength of k, ak0 is the absorption
coefficient at 280 nm, S is the UV-visible
spectral slope of samples, and k is the
wavelength. A nonlinear regression by
curve fitting toolbox (ctool) was used to
fit the exponential curve in MATLAB
7.8.0.347 R2009a software (MathWorks).
Modeled s275–295 was calculated using the
model proposed by Fichot and Benner
[2012] with the high-resolution (4 km)
remote sensing level-3 monthly averaged
products downloaded from http://ocean-
color.gsfc.nasa.gov/cms/. The time period
and locations corresponding with our in
situ observation were used. They are from
July to August 2014 and 658N to �808N,
1508W to �1808W, respectively. The select-
ed products were used for model calcula-
tion of s275–295 in Matlab software. The
modeled s275–295 from the same location
was picked up from the grid database. The
specific UV absorbance at 254 nm
(SUVA254) was derived from DOC-
normalized absorbance (SUVA254 5 a254/
[DOC]). The SUVA254 was proposed to be a

reliable proxy for terrigenous DOM, owing to its strong correlation with DOM aromaticity [Weishaar
et al., 2003].

2.3. DOC Measurements
DOC samples were collected into a 120 mL preconditioned and acid-washed HDPE bottle (Nalgene, USA)
immediately after filtration, and stored at 2208C in dark. DOC was measured by the high-temperature com-
bustion method using a total organic carbon analyzer (Shimadzu TOC-VCPH). A series of potassium hydrogen
phthalate (PHP) solutions were used as working standard solutions and measured every six samples to
ensure the data quality. The blank using the 18.2 MX ultrapure water was generally less than 6 mmol/L. The
precision was better than 2% and an accuracy was within 1% based on DOC working standards [Dai et al.,
2012].

2.4. Size Fractogram of Colloids
A stirred cell ultrafiltration unit was used to preconcentrate colloidal fractions of DOM for subsequent size
analysis by our AF4 system. Ultrafiltration was conducted on board within 1 week after samples were collected
and prefiltered (<0.7 lm). The filtrates were stored in a dark and cold (48C) depository. Approximately 4 L pre-
filtered seawater was concentrated on board using a UHP-150 stirred cell (Advantec MFS Inc.) equipped with
a 1 kDa regenerated cellulose membrane (Millipore PLAC 150 mm diameter) and pressurized by ultrapure
nitrogen (0.3–0.4 atm). In order to avoid intercontamination between samples, the cell and membrane were
rinsed sequentially with 0.1 M NaOH, 0.1 M HCl, and ultrapure water (18.2 MX). The permeate, denoted as the
low molecular weight (LMW) fraction, was collected in a 60 mL precombusted (4508C for 5 h) amber borosili-
cate glass vial and a 120 mL HDPE (Nalgene) bottle for CDOM and DOC measurements, respectively. The
retentate, denoted as the high molecular weight (HMW) fraction, was concentrated to approximate 120 mL,
and then collected in two 60 mL amber glass vials and stored at 48C in dark. The mass recovery of DOC during
ultrafiltration was determined using concentrations of the bulk DOC (DOCB), retentate (DOCR), and integrated
permeate (DOCP) as following equation: Recovery %ð Þ5

DOCR2DOCP
CF 1DOCP

DOCB
3100%. The mass recovery of DOC during

Figure 1. The sampling locations in the Chukchi Seas. All stations including
Section R located at the Chukchi Sea and Section S located at the eastern
Chukchi Sea are denoted by black points. Note that samples for size separa-
tion of colloids by the AF4 were collected at only six stations denoted by
black dots with red-edge. The red box in the inserted map indicates our
study areas in the Arctic Ocean.
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ultrafiltration by our stirred cell was determined as
94 6 2% (Avg 6 SD). The >1 kDa HMW colloidal frac-
tion comprises 38 6 1% of the initial DOC in the
Chukchi Sea, which is comparable to previous reports
(45%) [Guo et al., 1994].

Size fractogram of the HMW fraction was measured
on our AF4 system (AF2000 MT, Postnova Analytics,
Germany) equipped with a 1 kDa polyether sulfone
ultrafiltration membrane (Postnova), coupled with a
UV-vis detector (Shimadzu, SPD-M20A) and a fluores-
cence detector (Shimadzu, RF-20A). AF4 analyses
were conducted immediately after ultrafiltered sea-
water samples were returned to our lab and were

completed within 1 month. Six-hundred microliter of retentate solution was injected triply into the AF4 sys-
tem with a 5 mL glass syringe to obtain three colloidal size spectra. The average Mp and its standard devia-
tion (SD), shown in Table 4, were calculated from the three size spectra. NaCl solution (reagent grade,
Sigma-Aldrich) was used as carrier solution and the ionic strength was adjusted to the range of natural sea-
water. Conditions for the AF4 measurements are summarized in Table 1.

The elution time of natural colloids during AF4 fractionation was calibrated using six globular macro-
molecules prepared in the carrier solution, including Vitamin-B12, Ribonuclease A type I-A form, Lyso-
zyme, Ovalbumin, and BSA (all from Sigma-Aldrich), with molecular weights (MWs) of 1.33, 13.7, 14.4,
45.0, and 66.0 kDa, respectively. Regression between binary log (log-log) of retention time and MW
was performed and used as a calibration line for the calculation of molecular weights of natural col-
loids (Figure 2a). For comparisons with previous studies, the calibration line between hydrodynamic
diameters and MW was also constructed and depicted in Figure 2b [Stolpe et al., 2010; Baalousha
et al., 2011; Zhou and Guo, 2015]. Since a254 was often used as an indicator of CDOM concentration in
previous studies [Chen et al., 2004; Stolpe et al., 2010], integrated UV absorbance at 254 nm was used
to characterize natural colloids here. The signal of the UV absorbance was converted into UV absorp-
tion using the following equation: UV25452:303�A254=l, where A is the absorbance at 254 nm and l is
path length of the inert flow cell. Integration for the UV absorption peaks was carried out from the
void peak to the end of elution. The baseline of fractogram was set using the average data during
focus period and final rinse period.

2.5. Stable Oxygen Isotope Analysis and Freshwater Component Calculation
Oxygen isotopic abundance (d18O) in seawater was measured on a water isotope analyzer (Picarro L2140-i,
USA) following the procedure described previously [Steig et al., 2014]. The precision of oxygen isotope anal-
ysis (in the convention of d notation) was better than 60.03& relative to Vienna Standard Mean Ocean
Water (VSMOW).

The freshwater components in seawater were calculated from a three end-member mixing model by d18O
and salinity data [Chen et al., 2008]. Briefly, the percentage (%) of each freshwater component was derived
from the following mass balance equations:

fmw1fsim1fCBDW 51

fmwdmw1fsimdsim1fCBDWdCBDW 5d

fmwSmw1fsimSsim1fCBDW SCBDW 5S

8>><
>>:

where fmw, fsim, and fCBDW are the fractions of meteoric water (combination of river runoff, glacier ice-
melt water, and precipitation), sea-ice melted water, and Canada Basin Deep Water (CBDW), respective-
ly; dmw, dsim, dCBDW Smw, Ssim, and SCBDW are the corresponding d18O values and/or salinities; d and S
are the measured d18O and salinity of samples. The end-member values of d18O and salinity assessed
for the CBDW, meteoric water, and sea-ice melted water were given in Table 2 with data from Tong
[2014].

Table 1. Experimental Conditions for Size Fractionation of
Colloids by the Asymmetrical Field Flow Field Fractionation
(AF2000)

Parameters Value

Accumulation wall membrane 1 kDa polyether
sulfone (Postnova)

Carrier solution 0.9% NaCl (aq)
pH value for carrier solution 7.0
Sample injection volume (lL) 628.78
Cross flow (mL min21) 3.5
Channel out flow (mL min21) 0.5
Focus flow (mL min21) 3.8
Focus time (min) 10
Run time (min) 18
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3. Results

3.1. CDOM in the Chukchi Shelf
(Section R)
Surface water temperature over the
Chukchi Shelf (Section R) was as high
as 108C, while the cold seawater with
temperature <08C dominated the
depth of 50–300 m in the Chukchi
slope beyond 718N (Figure 3a). The
low salinity was observed in the sur-
face water, and the robust halocline
was clearly shaped at a depth of 20–
50 m along this south-north section
(Figure 3b).

The well-mixed shelf water was
derived from the northward Bering
Shelf Water (BSW) and the low salinity
fluvial inputs from boreal rivers. The
strong northward flow drove the shelf
water with terrestrial materials from
the Chukchi shelf to the basin along
the isopycnic surface [Weingartner
et al., 2005]. The percentages of the
meteoric water, sea-ice melted water,
and CBDW along this section, calculat-
ed from the three end-member mixing
model, are shown in Figures 3c–3e.
The CBDW with high fCBDW dominated
the deep water column and the mete-
oric water occurred in the upper water
column over the basin and slope
regions (Figures 3d and 3e). The fmw

values were low (5–10%) over the shelf
and 20% north of 72.58N, showing an
inverse distribution pattern with that

of d18O values (Figures 3d and 3f). This agreed well with earlier observations on the distribution of meteoric
water in the Chukchi Shelf in 2003 and 2008 summer [Tong, 2014]. In addition, positive values of fsim were
observed in the shelf region, which represented the net melting of sea ice, while negative values of fsim

existed below the depth of 200 m likely induced by the injection of brine.

Coincided with the fmw maximum (Figure 3d) and the fsim minimum (Figure 3e), the high a254 values were
observed in the halocline of the entire transect (Figure 3g). The high CDOM values agree with previous
results which showed a maximal CDOM fluorescence between 40 and 200 m in this area [Gu�eguen et al.,
2007]. Three absorption coefficients at different wavelengths (e.g., a254, a280, and a355) correlated with each
other significantly (P< 0.05) and have almost the same distribution patterns along the transect (data not

shown). Insignificant correlation
between a254 and DOC was observed
in Section R. However, in the slope
and basin areas, DOC and a254 had a
significant correlation (R2 5 0.312,
P< 0.01), although this relationship
was not observed in the Chukchi shelf
(R2 5 0.156, P> 0.01). The SUVA254 val-
ues were high in surface waters of the

Table 2. The End-Member Values of Salinity and d18O for the Meteoric Water,
Sea-Ice Melted Water, and Canada Basin Deep Water (CBDW) in the Chukchi Seas

End-Member Salinity d18O (&) References

Meteoric water 0 220.0 6 2 Ekwurzel et al. [2001],
Chen et al. [2003], and
Bauch et al. [2011]

Sea-ice melted water 4.0 6 1.0 22.0 6 0.1 Ekwurzel et al. [2001]
CBDW 35.0 6 0.05 0.3 6 0.1 Ekwurzel et al. [2001]

Figure 2. Standardization line for calibration of molecular weights (MW, kDa) and
hydrodynamic diameters (Dh, nm) of different size colloids separated by the AF4.
We present the binary logistic regression between (a) retention time and MW and
the binary logistic regression (b) between the hydrodynamic diameters and the
MW. The macromolecules for calibration included vitamin-B12 (1.33 kDa), ribonu-
clease A type I-A form (13.7 kDa), lysozyme (14.4 kDa), ovalbumin (45.0 kDa), and
BSA (66.0 kDa).
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northern Chukchi Sea (Figure 3h), indicating a high aromaticity. Compared with the low SUVA254 observed
in the shelf, the high aromaticity in the northern region indicated a strong terrigenous CDOM input from
the eastern shelves transported by Transpolar Drift Current [Gu�eguen et al., 2007; Stedmon et al., 2011].

3.2. CDOM in the Eastern Chukchi Sea (Section S)
Section S, located at the boundary between the eastern Chukchi Shelf and the Beaufort Sea (Figure 1), is
influenced by both high primary production in the Chukchi Shelf and terrestrial input from the Mackenzie
River [Walsh et al., 1989]. The cold (21 to 228C) and fresh (salinity <30) water, occupied the surface layer of
the Beaufort Sea, was mainly contributed from the meteoric water (Figures 4a and 4b), supplied from
the Mackenzie River and other boreal runoffs [Gu�eguen et al., 2007]. Thermocline and halocline were
observed at a depth of approximate 200 m. This strong stratification prevented the vertical mixing between
surface water and deep water (Figures 4a and 4b). The salinity in surface water decreased offshore along
the transect (Figure 4b), which is consistent with previous observations [e.g., Rutgers Van der Loeff et al.,

Figure 3. The distribution of (a) temperature (8C), (b) salinity, (c) fCBDW (%), (d) fmw (%), (e) fsim (%), (f) d18O (&), (g) a254 (m21), (h) SUVA254

(m21/mM), (i) s275–295 (nm21), and (j) DOC (mM) in the upper 400 m water column along Section R in the Chukchi Sea. fCBDW, fmw, and fsim

are calculated from mass balance of salinity and d18O with a three end-member mixing model.
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1995; Kadko and Muench, 2005]. The fmw values ranged from 0 to 20% (Figure 4d), which agree with earlier
estimates of meteoric water in the western Arctic Ocean [Chen et al., 2003, 2008; Pan et al., 2014; Tong et al.,
2014].

The sectional distribution of a254, SUVA254, DOC, and fmw were analogous to salinity, with the high values
occurred in surface water and decreased with increasing depth (Figures 4d, 4g, 4h, and 4j). Consistent with
the results reported by Gu�eguen et al. [2007], the high CDOM a254 values presented in the thermo-haline
(37–125 m), while the fsim and s275–295 exhibited low values in the thermo-haline at this section (Figures 4e,
4g, and 4i).

3.3. Size Fractogram of Colloidal Organic Matter
The size distribution of natural colloids in boreal rivers [Chen et al., 2004; Gu�eguen et al., 2013] and subtropi-
cal coastal water [Stolpe et al., 2010, 2013, 2014] have been reported. To the best of our knowledge, no pre-
vious studies have reported the size spectrum of colloidal organic matter in the high-latitude Arctic Ocean.

Figure 4. The distribution of (a) temperature (8C), (b) salinity, (c) fCBDW (%), (d) fmw (%), (e) fsim (%), (f) d18O (&), (g) a254 (m21), (h) SUVA254

(m21/mM), (i) s275–295 (nm21), and (j) DOC (mM) in the upper 400 m water column along Section S in the eastern Chukchi Sea. fCBDW, fmw,
and fsim are calculated from mass balance of salinity and d18O with a three end-member mixing model.
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The fractograms of the UV254 of colloidal
CDOM were composed by three single
peaks with the maximum peak (Mp)
located within MWs ranging from 1.62
to 2.52 kDa (Table 4 and Figure 5). The
Mp range in the Chukchi Shelf is consis-
tent with previous studies [Stolpe and
Hassell€ov, 2007; Stolpe et al., 2010, 2014;
Cuss and Gu�eguen, 2012; Zhou et al.,
2016]. For example, Cuss and Gu�eguen

[2012] found that the microbial humic-like and terrestrial visible humic-like colloidal components in
aquatic environments had intermediate size distribution (1.6 6 0.15 kDa) which is similar with our results,
while the terrestrial fulvic-like and tryptophan/polyphenol-like fluorescence had a larger size (4.3 6 0.66
kDa). Stolpe et al. [2010] found that the size distribution of CDOM-colloids ranged from 0.5 to 4 nm, which
is at the range of 0.061–16.6 kDa (Table 3). The colloidal CDOM were operationally divided into three dif-
ferent size fractions including the 1–10, 10–100, and >100 kDa. Our results showed that two smaller col-
loidal fractions (the 1–10 and 10–100 kDa) were the main constituent in the Chukchi Shelf. Their
integrated UV254 represented 57.4% of the bulk colloids (Table 4). The highest colloidal CDOM UV254 was
observed in the upper thermo-haline layer (37–125 m) (Figure 5), consistent with the a254 (Figure 3g).
Lower colloidal CDOM UV254 in surface waters might be associated with the strong photolysis effect dur-
ing Arctic summer, while the high values observed at subsurface layer might result from the condensed
brine injection due to the sea ice formation and primary production from sea ice algae in the Chukchi
and Beaufort Seas [Gradinger, 2009].

4. Discussion

4.1. Variations in Colloidal Size Distribution
Sectional distributions of the integrated UV254 of three colloidal fractions are presented in Figure 6. The inte-
grated UV254 maximum of three fractions were observed in subsurface layer. However, the 1–10 and 10–
100 kDa fractions were latitudinal different with the >100 kDa fraction. The UV254 intensities of small (1–10
kDa) and medium colloids (10–100 kDa) in shallow shelf waters (e.g., stations R01, R03, R05, and R07) were
lower than those in slope and basin waters, while UV254 intensities of the large colloids (>100 kDa) were
higher in the Chukchi shelf than in the slope and basin.

The difference in latitudinal distribution between colloidal size fractions would be related to their differ-
ent sources. Stolpe et al. [2013] suggested that the increasing discharge of Yukon River enhanced the
export of terrestrial colloidal organic matter (4–40 nm, �>100 kDa) to the Bering Sea. With the north-
ward movement of Alaska Coastal Current, the large sized colloidal organic matter could be transported
to the Chukchi Sea and the western Arctic Ocean. During their transportation, colloids with high molec-
ular weights could be degraded into small colloids by photo-chemical and biological degradation
[Opsahl and Benner, 1998; Hernes, 2003]. Therefore, relative abundance of larger sized colloids was
higher in the Chukchi shelf, whereas the small and medium colloids were higher in the slope and basin
waters (Figure 6).

4.2. Elevated CDOM in the Thermo-Haline Layer
Both CDOM a254 and the integrated UV254 of three colloidal size fractions were the highest in the thermo-
haline layer (37–125 m) in the Chukchi Sea (Figures 3a, 3b, 3g, and 3h), which is consistent with the SCM
in the thermo-haline layer of the western Arctic Ocean [Seekell et al., 2015; Martini et al., 2016]. Higher
CDOM in subsurface water compared to surface layer and deep water could result from several physico-
chemical and biogeochemical processes, such as sea-ice melt and formation, strong stratification, primary
production and mineralization of organic matter, and photo-degradation. Primary production from phyto-
plankton and injected brine water released from sea-ice formation increased the CDOM concentration in
the subsurface layer [Gu�eguen et al., 2007]. Primary production is one of the most important sources of
CDOM and colloidal organic matter in the Chukchi Sea. In addition, part of brine water released from sea-
ice formation remained in the thermo-haline layer during summer (Figure 3e). Fractionation process

Table 3. The Hydrodynamic Diameter and Molecular Weights of Each
Size-Fraction of Colloids Separated by the AF4

Size Fractions
Hydrodynamic

Diameter (Dh) (nm)
Molecular

Weights (kDa) References

Small 1.41–3.30 1–10 This study
Medium 3.30–7.74 10–100
Large >7.74 >100
CDOM-colloids 0.5–4 0.061–16.6 Stolpe et al. [2010]
Protein-like colloids 3–8 7.73–203.6
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during sea-ice formation would release some organic matter in brine water, which might cause the high
CDOM concentration observed in the thermo-haline in summer [Hill and Zimmerman, 2016]. Meanwhile,
strong stratification in summer and photo-degradation could reduce CDOM in the surface ocean. The rel-
atively intensive and long sunlight radiation in summer will enhance the degradation of optically active
CDOM and colloidal organic components in surface water [Opsahl and Benner, 1998; Reader and Miller,
2011]. Additionally, sea-ice melted water might dilute CDOM and colloids in the surface water. Fraction of
sea-ice melted water in Chukchi Sea surface water is at the range of 0.36–5.30% (Figure 3e). Due to the
fractionation during sea-ice formation, CDOM in the sea-ice is relatively low [Hill and Zimmerman, 2016].
On the other hand, lower CDOM in the deep water column could be related to the mineralization of DOM
and lack of DOM production. Colloids and CDOM could be degraded by bacteria and transformed into
small molecules, i.e., CO or CO2 [Helms et al., 2013], or recalcitrant DOM [Jiao et al., 2010], resulting in a
low CDOM in deep water.

Figure 5. Size fractograms of colloidal CDOM at six stations in the Chukchi Sea. The size spectra of samples from different depths at the
same station are presented by different colors.
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4.3. Source and Fate of CDOM in the Chukchi Sea
The fate and dynamics of CDOM are controlled by several processes in the western Arctic Ocean, such as
riverine input, in situ biological production, fractionation during sea ice formation/melting, and release from
the resuspended sediments [Coble, 2007; Gu�eguen et al., 2007]. Based on our results, we proposed that ter-
restrial riverine input is more dominant than other processes in controlling the CDOM distribution in the
Chukchi Sea. Several lines of evidence presented below would support this statement.

First, the fmw is an indicator of meteoric water, which is predominantly contributed by the river runoff in the
western Arctic Ocean [Ekwurzel et al., 2001; Macdonald et al., 2002; Mathis et al., 2007]. Therefore, the fmw is

Figure 6. Sectional distribution of the integrated UV254 for three size fractions (1–10, 10–100, and >100 kDa) in Section R.

Table 4. The Molecular Weights of Size Fractogram Peak (Mp) and the Integrated a254 in Each Fractions (1–10, 10–100, and >100 kDa)a

Station Depth (m) Mp (kDa) (Avg 6 SD)

Integrated a254 (m21 min)

1–10 kDa 10–100 kDa >100 kDa

R01 5 2.52 6 0.13 0.60 1.55 3.14
10 2.10 6 0.11 0.50 0.56 0.85
37 2.24 6 0.11 0.66 1.68 2.06

R03 20 2.24 6 0.11 1.01 2.50 7.87
50 1.67 6 0.08 1.33 1.89 4.51

R05 5 1.97 6 0.10 0.68 1.28 1.80
20 2.04 6 0.10 0.72 1.31 1.83
26 2.31 6 0.12 0.73 1.57 1.84
39 2.45 6 0.12 0.33 0.99 1.38

R07 5 1.79 6 0.09 0.79 1.37 1.78
19 1.79 6 0.09 0.94 1.65 2.13
66 1.73 6 0.09 1.11 1.56 1.52

R09 4 1.56 6 0.08 0.54 0.95 0.39
32 1.67 6 0.08 1.75 3.36 4.04
50 1.62 6 0.08 1.19 1.52 1.59

183 1.51 6 0.08 0.68 1.04 1.10
R15 50 1.79 6 0.09 0.89 1.44 1.20

125 2.45 6 0.12 0.12 0.39 0.91
400 1.97 6 0.10 0.18 0.40 0.41

1500 2.24 6 0.11 0.30 0.61 0.35
3000 1.67 6 0.08 0.74 1.09 0.89

aThe Mp is presented in the average (Avg) and standard deviation (SD).
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a quantitative proxy for terrestrial CDOM
input [Stedmon et al., 2011; Granskog
et al., 2012]. Indeed, a robust linear rela-
tionship between the fmw and a254

(R2 5 0.88, P< 0.05) was found in the
study area (Figure 7), indicating terrestrial
input is a major contributor of bulk CDOM
in the Chukchi Sea. Significant relation-
ship between a254 and DOC concentra-
tion was observed in the Chukchi slope
and basin (R2 5 0.312, P< 0.01), where
the terrestrial input is a main contributor
(Figure 3d). In addition, a significant corre-
lation between the integrated intensity of
colloidal fractions (including the 1–10,
10–100, and >100 kDa) and the fmw were
also observed, indicating colloidal CDOM
was mainly derived from terrestrial source
(Figure 8). The significance of the correla-

tion between integrated signal intensity and fmw decreased with increasing MW (Figure 8). The strongest cor-
relation (R2 5 0.54, P< 0.05) between the fmw and the 1–10 kDa fraction was observed. A empirical relation
between molecular weights and hydrodynamic diameter used by several previous studies was used to con-
vert the colloidal molecular weights into the hydrodynamic diameter [Giddings et al., 1976; Schimpf et al.,
2005; Stolpe et al., 2010; Zhou et al., 2016]. The colloidal fraction between 1 and 10 kDa corresponded to col-
loids with a hydrodynamic diameter of 1.41–3.30 nm (Table 3). Obviously, compared to the larger size frac-
tions, the 1–10 kDa colloidal CDOM fraction was highly regulated by terrestrial input. Our results are
consistent with those from Stolpe et al. [2010]. According to their studies, the CDOM-colloids, whose size
ranged from 0.5 to 4 nm, were mainly contributed by terrestrial input, while the 3–8 nm protein-like colloids
were derived from autochthonous production [Stolpe et al., 2010].

Although absorption coefficient at wavelengths between 300 and 400 nm is commonly recognized as a ter-
restrial indicator [Gu�eguen et al., 2014], measurements of CDOM a375 in the Canada Basin exhibit no signifi-
cantly correlation with the fraction of riverine freshwater [Stedmon et al., 2011]. In contrast to the CDOM
a375, a strong correlation between a254 and fmw in the Chukchi Shelf was measured, indicating the CDOM
a254 is a potential indicator of tDOM in the western Arctic Ocean. Likely, different wavelengths could be
used to track different DOM components.

Second, although the Chukchi Shelf is considered as a highly productive ecosystem [Chen et al., 1993], there
was no significant correlation between primary productivity and CDOM a254 during our sampling period,
which indicates indirect impacts from in situ biological activities to the CDOM pool in the Chukchi Seas
(data not shown). Similarly, no direct relationship between CDOM and Chl a was observed in the western
Arctic Ocean, pointing to a weak autochthonous CDOM contribution [Gu�eguen et al., 2007, and reference
therein]. On the contrary, a much greater proportion of autochthonous CDOM was observed in the Canada
Basin surface water [Stedmon et al., 2011]. In fact, the relationship between the CDOM a254 and biological
activities might be diminished by additional processes. Laurion and Mladenov [2013] suggested that photo-
chemical process transformed the autochthonous DOM from chromophoric components to nonchromo-
phoric species, which could hardly be detected by UV-vis absorbance. Benner and Amon [2014] found that
photochemical processes accelerate turnover of DOM and degrade the HMW DOM into LMW-DOM. There-
fore, under relatively intensive summer sunlight in polar areas, photochemical processes were a significant
sink of autochthonous DOM in surface water. Similarly, Osburn et al. [2009] suggest that sunlight exposure
does not substantially degrade CDOM on Arctic shelves when light attenuation from particle and CDOM-
rich river water was considered.

Third, sea ice melting and formation have a limited influence on CDOM pool in the Chukchi Sea. Although
the sectional distribution of fsim is similar to that of a254 (Figures 3e and 3g), the fsim value in the upper halo-
cline was relatively low, ranging from 2.5 to 5%, which are lower than the fmw in the halocline (10–20%). Low

Figure 7. Linear correlation between the fmw (%) and the CDOM a254 (m21) in
the Chukchi Sea.
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proportion of sea-ice melted water will not
significantly dilute or change CDOM a254.
Besides, brine injection during sea ice for-
mation also have little influence on CDOM.
As described in Gu�eguen et al. [2007], the
relatively low CDOM in winter-formed brine
was resulted from the low riverine input
flux during winter to the western Arctic
Ocean.

Finally, sediment resuspension has also
been reported as a DOM source in the
benthic nepheloid layer [Guo and Sant-
schi, 2000]. However, our results showed
that the maxima of CDOM a254 were
observed in the thermo-haline, but not
the deep layer, which indicated sediment
resuspension might have a minor contri-
bution to CDOM signals in the Chukchi
Sea.

4.4. Possible Underestimation of
Terrestrial Input by Modeled s275–295

The optical slope of absorption spectrum,
s275–295 has been recognized as a proxy
for tDOM in aquatic environments. It was
first demonstrated that s275–295 was a reli-
able indicator of DOC-normalized yield of
dissolved lignin, a terrestrial-derived bio-
marker [Opsahl and Benner, 1997]. Subse-
quently, s275–295 was found to be related
to CDOM average MW, DOC-normalized
absorption coefficient, percent of terrige-
nous dissolved organic carbon (%tDOC),
and source of DOM in both rivers and
coastal oceans [Helms et al., 2008; Fichot
and Benner, 2011, 2012]. Based on MODIS
AQU satellite remote sensing reflectance
derived from five different wavelengths
and CDOM absorption coefficient spectra,
Fichot and Benner [2012] proposed a mul-
tiple linear regression to model the s275–

295, which was used to trace tDOM in the
Arctic.

Comparisons between modeled and in
situ measured s275–295 are depicted in Fig-
ure 9. A significant correlation between
the modeled and measured s275–295 was
observed (R2 5 0.56 in July and 0.35 in
August, Figure 9). However, most of the
data were located under the 1:1 reference

line. For example, 46% of model-estimated s275–295 in July resided within 610% confidence. However,
in August, only 29% model-estimated s275–295 were within 610% confidence. Obviously, the model
overestimated the s275–295 in our study area, implying that terrestrial input to the Chukchi Sea was
underestimated. Actually, recent increase in terrestrial input into the Arctic Ocean has been well

Figure 8. Linear correlation between the integrated UV254 (m21 min) of three
sized fractions of colloidal CDOM and the fmw (%). The three size fractions of
1–10, 10–100, and >100 kDa were presented from top to bottom,
respectively.
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documented [Wisser et al., 2009; Shi-
klomanov and Lammers, 2011; Dox-
aran et al., 2015]. Due to warming
temperature and changing atmo-
spheric circulation, increased dis-
charge of boreal rivers and the
delivery of associated terrestrial mate-
rials should have increased tDOM
input to the western Arctic Ocean
[Doxaran et al., 2015]. Besides, dis-
solved and particulate organic matter
released from the melting permafrost
also enlarge tDOM pool in the west-
ern Arctic Ocean [Guo et al., 2007].
The increase in tDOM might signifi-
cantly alter the optical properties of
DOM, including their abundance,
composition, and distributions in the
Arctic Ocean. This would lead to an
overestimation of s275–295, and thus
underestimation of tDOM by the

model. Thus, the model proposed by Fichot and Benner [2012] might not work well for the Chukchi
Sea, and a better optical model for the predication of tDOM is needed.

5. Conclusions

We report here optical properties of CDOM and size fractogram of colloidal CDOM in the Chukchi Sea. The
integrated UV254 of three colloidal size fractions were highest in the thermo-haline in the Chukchi Sea, similar
to the CDOM a254. Both the CDOM a254 and UV254 of three colloidal fractions (including the 1–10, 10–100, and
>100 kDa) showed great correlation with the fraction of meteoric water (fmw), which indicated that the tDOM
dominate optical properties of CDOM, and the CDOM a254 is a potential tracer for tDOM in the Chukchi Sea.
The significance levels of the correlation between the integrated signal intensity and the fmw decreased with
increasing molecular weights, suggesting that the smaller colloids (1–10 kDa) was more significantly affected
by terrestrial constituents than the larger ones. The larger colloidal fraction (the >100 kDa) was dominant in
the Chukchi shelf, while the smaller fractions (1–10 and 10–100 kDa) prevailed in the slope and basin regions.
Our in situ measured s275–295 was lower than the modeled estimates from Fichot and Benner [2012], implying
a possible underestimation of tDOM in the Chukchi Sea by the model. Further studies are needed to better
understand the dynamics of tDOM and its role in carbon cycles in the Arctic Ocean in a changing climate.
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